Any successful voluntary movement requires that we counteract the perturbations caused by the self-induced movement. This aspect of postural control, called *anticipatory postural adjustment (APA)*, is automatically triggered before the self-induced movement, and produces forces opposite to the biomechanical effects of the body perturbation. For instance, when we want to start walking, a combination of forces is required to move the center of mass forward. First, body weight is transferred to the support leg, followed by the withdrawal of the other heel from the floor. APAs have been thoroughly investigated in behavioral studies, and these have informed us about differences between normal and impaired gait initiation[@b1][@b2]. However, understanding how this seemingly effortless coordinated movement pattern is generated by the healthy and diseased nervous system has been a challenge to conventional neuroimaging. Most studies assessing brain function related to APAs have used manual tasks[@b3][@b4], speech articulation[@b5], and ankle dorsiflexion and plantiflexion[@b6]. Results of these studies consistently indicate a role for the supplementary motor area (SMA) in the preparation and organization of voluntary movements. It is possible that SMA also contributes to APAs during gait initiation[@b7]. However, the involvement of SMA and other brain structures during gait initiation in humans is still not clear. Investigating gait initiation is important, since it combines motor and cognitive components of movement preparation[@b8]. Indeed, difficulty with gait initiation is among the most incapacitating symptoms present in some neurological disorders, like Parkinson's disease (PD)[@b7][@b8][@b9].

Previous studies have investigated postural control using low spatial resolution techniques, such as electroencephalography[@b3]. Functional magnetic resonance imaging is able to offer neurophysiological information with good spatial and reasonable temporal resolution[@b10]. However, its use in the investigation of postural control is limited to the extent that subjects are required to lie still and supine in the scanner. For this reason, postural control and gait have largely been investigated using mental imagery - self-imagery of walking in a upright position[@b11]. Perhaps the major limitation of using motor imagery to investigate postural control is the difficulty of identifying specific gait phases, such as when producing APAs before a step initiation. Another important limitation is the possibility that motor imagery is itself impaired in certain populations, such as PD patients[@b12].

A recent proposal by Lomond *et al*.[@b13] may offer a solution to this technical limitation in the use of fMRI in the investigation of APAs. The subject in the scanner is asked to raise one leg, either from the hip (leg raise unsupported), or from the knee (leg raise supported) while lying in a supine position. Just as step initiation involves a postural weight shift to the support foot to stabilize the body prior to a step[@b1], a straight leg raise requires an increase of vertical force under the foot of the supporting leg to stabilize the pelvis. Also, just as APAs in the standing position are suppressed when the body has external support[@b14][@b15], APAs associated with leg raise are suppressed when the moving leg is supported by a pad under the knee. In this earlier study[@b13], we did not align the behavior and data collection during imaging acquisition.

The force measurement system (FMS) we present here is suitable for postural assessment in the MRI environment. Here we show that the FMS measurements obtained in the scanner corresponded with well established measures of step initiation outside the scanner; the device is suitable to assess the neural correlates of normal and abnormal gait behavior, and head movement artifacts were within acceptable limits in all subjects.

Results and Discussion
======================

First, we tested whether the presence of the FMS in the scanner interfered with the quality of the brain images. We used a water-filled phantom and collected sequences both with and without the FMS. The results showed no interference of the FMS on brain images, with consistent spatial and temporal resolution quality across conditions. We also tested the amount of head motion by assessing the mean displacement of the combined medio-lateral, antero-posterior and superior-inferior planes. In the young group, the average of absolute head motion was 0.12 mm (standard error: SE = 0.01, range: 0.08--0.28) when subjects used the knee support and 0.14 mm (SE = 0.01, range: 0.07--0.26) unsupported (Wilcoxon Z = 24.5, p = 0.80). For the group with PD, mean amplitude of head motion when supported was 0.31 mm (SE = 0.02, range: 0.13--0.66) and 0.30 mm (SE = 0.01, range: 0.16--0.43) unsupported (Wilcoxon Z = 15, p = 0.72). The PD group showed greater amplitude of head movement (supported, Mann-Whitney U = 11, p = 0.01; unsupported, U = 9, p = 0.01). However, the level of head motion in both groups was within the conventional recommendation of absolute head movement less than 1 mm to avoid erroneous inference on neuronal activation in a 3 mm EPI voxel size[@b16][@b17][@b18].

We then assessed whether APAs produced in the scanner during supine leg raises (supported and unsupported) corresponded to APA production during upright gait initiation (step supported and unsupported). There were comparable levels of compensatory force applied by the support leg both inside and outside the scanner in healthy young and PD subjects, r~s~ (8) = 0.76 (p = 0.01); r~s~ (6) = 0.79 (p = 0.03), respectively ([Figs 1C](#f1){ref-type="fig"} and [2C](#f2){ref-type="fig"}). The force applied by the left (support) leg during the movement (leg raise or step) was always lower in supported than in unsupported conditions, both inside and outside the scanner. The young group showed smaller amplitude of the medio-lateral force (F~ml~) in the supported (M = 0.38 N/cm, SE = 0.01, range = 0.20--0.60) compared to the unsupported condition (M = 0.80 N/cm, SE = 0.01, range = 0.70--0.88), Z = 0, p \< 0.01). Also, the PD group had decreased amplitude of the F~ml~ in the supported (M = 0.41 N/cm, SE = 0.02, range = 0.11--0.74) compared to the unsupported condition (M = 0.88 N/cm, SE = 0.04, range = 0.36--1.50), Z = 0, p \< 0.01). For the task in the scanner of the young group, the supported condition led to smaller values of the force magnitude (M = 4.20, SE = 0.13, range = 2.54--5.73) in comparison to the unsupported condition (M = 9.39, SE = 0.32, range = 6.14--14.10), Z = 0, P = 0.03. For the task in the scanner of the PD group, the supported condition led to smaller values of the force magnitude (M = 5.21, SE = 0.16, range = 3.02--7.33) in comparison to the unsupported condition (M = 7.80, SE = 0.21, range = 5.74--12.10), Z = 0, P = 0.03. [Figure 1A](#f1){ref-type="fig"} shows the frequency maps of the young subjects during the unsupported condition (APA required). The maps evidence that most of the subjects had increased BOLD signal in medial regions of the pre and post central gyri and right SMA. This higher BOLD signal was also detected in the frequency map using the contrast (unsupported \>supported) ([Fig. 1B](#f1){ref-type="fig"}). The SMA is recognized to be involved in motor preparation[@b19][@b20] for the performance of an intended movement. Therefore, not only the moving limb, but also synergies comprising both ipsilateral and contralateral body may be involved in the movement[@b2][@b21]. In fact, the bilateral SMA are reciprocally connected, projecting to both ipsilateral and contralateral primary motor cortex[@b22][@b23]. Both EEG and fMRI studies using connectivity analysis such as dynamic causal modeling (DCM) and effective connectivity networks (ECN) have shown bilateral interactions between SMA[@b24][@b25][@b26] during unilateral manual tasks. These facts may explain the functional evidence of contralateral[@b24][@b27][@b28] and bilateral[@b29][@b30] SMA activation during simple unilateral hand and finger movements. Our protocol permits the isolation of the APA that occurs in the left leg from the intended movement of the right leg. Given that the left leg was mainly involved in the preparation of the APAs, the two potential possibilities were that there was either bilateral or right SMA activation. The bilateral sensorimotor and SMA cortices demonstrated an increased BOLD signal in both conditions (supported and unsupported). However, the right SMA and sensorimotor cortices showed increased activation in the contrast unsupported \>supported, more specifically related to the APA executed by the left leg, supporting similar results when the task separated support from the direct limb movement[@b7][@b31]. An alternative interpretation for the increased activation of the right SMA during APA is that the movement assessed in the scanner required bilateral coordination, which has been shown to be associated with increased activation of the right SMA[@b32][@b33].

The distribution of individual functional brain activation (frequency maps) for the unsupported condition ([Fig. 2A](#f2){ref-type="fig"}) was sparse in the parietal-frontal areas in PD group. The frequency maps using the contrast (unsupported \>supported) ([Fig. 2B](#f2){ref-type="fig"}) did not show the involvement of any consistent regions. Group analysis for the contrast of interest (unsupported \>supported) in the PD group did not demonstrate any regions reaching statistical significance. The lack of any focused pattern of brain activation in the PD group supports the premise that PD results in the involvement of an increased number of brain areas to accomplish a specific motor task, relative to healthy people[@b34]. Notably, there was a correlation of the UPDRS score of the PD group with the step initiation task r~s~ (6) = −0.78 (p = 0.02). The UPDRS correlation with the fMRI was similar to the correlation with the step task (scatterplots), however, the analysis did not reach statistical significance r~s~ (6) = −0.50 (p = 0.20) ([Fig. 3](#f3){ref-type="fig"}). These results suggest that the severity of the disease impacts the amplitude of the APA as shown previously[@b1][@b35]. It is interesting that the performance of the task inside the scanner followed the behavior shown in the step initiation task, with the relationship of both variables (UPDRS and force magnitude), which supports the idea that the tasks share important behavioral components.

The FMS was shown to be valid for assessing postural control in healthy and PD populations in an fMRI environment allowing synchronized brain acquisition. The task performed in the scanner was highly correlated with gait initiation in different populations, showing brain BOLD signal coherent with known brain areas involved in motor control relevant to the circuitry associated with gait initiation[@b8][@b11]. Brain mechanisms associated with postural control have been previously studied only indirectly, which compromises the interpretation of the related neural circuitries[@b11][@b36]. Our method allow for the assessment of a special postural adjustment, composed of cognitive and movement components that could be explored in depth using several methods of brain function analysis (dynamic brain connectivity, machine learning)[@b37][@b38], given that the time and spatial characteristics of the task performance can be synchronized with the acquisition of the neuroimaging data. Also, the FMS offers a potential instrument to explore pathological brain function of a postural component (APA) that has been associated with the pathophysiology of important gait disturbances, such as freezing of gait[@b39]. The management of the gait freezing is not well controlled with the current medications, neurosurgery, and physical therapy interventions; however, a more detailed knowledge of the dynamics of the postural circuitry in the brains of patients who freeze during gait offers an opportunity not only to better understand the mechanism, but also to consider more efficient treatments. The device and task developed by our team offers valid data on the neural correlates of postural control corresponding closely with the behavior of gait initiation.

The main limitation of the paradigm proposed here, common to all similar fMRI studies, is the lack of several features of postural control that are normally present in a natural environment -- including gravitational influence[@b40]. Both step initiation and leg lifting require APAs of the support leg to release the self-initiated movement of the opposite leg[@b1][@b13]. In addition, the APA is decreased or suppressed in both tasks if the body is externally supported as showed in our results and previous studies[@b14][@b15]. We not only showed high correlation of the APA between the tasks, but also that this behavior is stable in two different populations. This data supports the hypothesis that the relative amplitude of APA triggered in advance of the opposite foot releasing is not influenced by the body position. In addition, our results in healthy young people showed increased activation of the SMA when APA was required, as observed in earlier studies of imagery of gait initiation in an fMRI protocol[@b41] and in real gait initiation under EEG[@b42] and TMS assessment[@b7]. Therefore, our functional brain results are in accordance with the existing data on neural correlates of gait initiation. Despite the inherent limitations of using fMRI to investigate postural control and gait, our fMRI task is the best model that we could offer to assess the coupling between APA and voluntary movements during movement initiation of the leg. Recent fMRI studies have also tried to overcome such limitations proposing tasks that resemble gait[@b43] with new devices[@b44][@b45] or imagery[@b11][@b46]. However, differently from earlier fMRI studies on postural control and gait, we demonstrated that the neural correlates of a task performed lying supine shares important postural aspects coupled to components with an ecological upright movement. Therefore, we believe that the behavioral relationship between these tasks could shed light on the neural correlates of gait initiation and its disorders.

We conclude that the force measurement system is an instrument compatible with fMRI and suitable to explore the neural correlates of both normal and abnormal gait initiation. The force measurement system (1) did not interfere with the quality of the fMRI; (2) could be used in event-related protocols in fMRI; (3) yielded data that were highly correlated with the gait initiation task. This system could become a useful tool for efficient design of postural control assessment in fMRI protocols, elucidating normal and pathological mechanisms of gait.

Material and Methods
====================

Participants
------------

Ten right-handed healthy young subjects (mean age = 26.36 y, SD = 9.38 y; mean weight = 67.00 Kg, SD = 14.50 Kg; mean height = 1.75 m, SD = 0.10 m) without any muscular or neurological disorders participated in this study. We also tested the present protocol in eight people diagnosed with PD without freezing of gait as assessed by the New Freezing of Gait Questionnaire (NFoG-Q)[@b47] and without any other diagnosed neurological or orthopedic/rheumatic impairments. The patients were classified as moderate by scoring 3 at Hoehn & Yahr[@b48] scale, showing bilateral motor impairment and disturbance of body equilibrium. They were also assessed by the gold standard Unified Parkinson´s Disease Rating Scale -- UPDRS)[@b49] part III to classify their level of motor impairments considering bradykinesia, rigidity, tremor, balance and gait. All PD subjects were assessed ON medication (while taking their usual antiparkinsonian medication). The general profile and clinical information of each patient is depicted in [Table 1](#t1){ref-type="table"}. All participants provided informed consent, and experimental procedures were approved by the Institutional Review Board of the University of São Paulo. An informed consent to publish [Fig. 4B](#f4){ref-type="fig"} was obtained. All experiments were performed in accordance with the Declaration of Helsinki[@b50].

Construction and implementation of the new compatible system to assess postural preparation in an MRI environment -- Force Measurement System (FMS) for Postural Assessment in fMRI
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since it is not possible to measure postural preparation (APA) for step initiation during fMRI, we designed a task that simulates step initiation with and without external support in a supine position, that is feasible to be assessed during an fMRI protocol[@b13]. The task is to raise one leg, either from the hip with straight knee (condition that elicits APA) or from the supported knee (condition that suppress APA). The knee support was made by pads and small pillows to adjust the knee flexion to approximately 30 degrees. In order to investigate brain function in the exact moment of the APA during the protocol of leg lift, we designed an MRI-compatible force measurement system. The system comprises a structure custom-fit to the subject equipped with a pressure detector system made of a thin film polymer that is attached to a wooden base. A hardware box located outside the scanner room synchronizes data acquisition with stimulus presentation and stores data. Foot movement can be constrained by an adjustable height horizontal bar ([Fig. 4B,C](#f4){ref-type="fig"}).

Internal structure of the FMS
-----------------------------

The program, written in C/C++ and executed in Linux LINT (customized version for microcomputer) operating system, acquires resistive signals from the sensors. The developmental interface is a Raspberry™ processor that reads and stores the signals and conveys them to Psychtoolbox-Matlab software in a MacBook Pro 13-inch, which presents instructions to the subjects. The processor has a memory card of 32 GB where the operating system and C/C++ code are stored, an output to the serial port, which conveys and receives the information from Matlab, a connection to an LCD alphanumeric monitor 20 × 4 cm that displays the forces measured in real time and a recorder, through a 4 GB USB.

Two hundred milliseconds before the display of the command to raise the leg, a signal is automatically sent (through a Matlab routine) to the measurement system to initiate the measurement of the forces of the sensors (under feet and above the movement leg). If the value is less than the mean minus 20 SD (decrease of force under the moving leg) the system sends a command to Matlab, and the command to the participant to relax is displayed after a time interval of 500 ms. Data from the three sensors are stored in a text file in the control box of the FMS. These data are recorded in the USB after the end of the BOLD sequence. The acquisition frequency of the sensors is 32 Hz.

Position of the patient in the scanner using the FMS
----------------------------------------------------

In order to prevent head movements due to leg raise during the protocol, we physically constrained the patient's head motion by placing a vacuum pillow around their head, pads behind the neck, and tapes on the chin and on the forehead. Also, bands with Velcro restricted motion of the upper trunk. Feet were positioned with one heel on each sensor of the wooden structure ([Fig. 4B,C](#f4){ref-type="fig"}). The sensor under the right foot conveys information to the FMS on the moment that the foot is raised. A touch sensor is placed on the right foot, which sends a signal to the FMS when the foot touches an adjustable brass bar placed 1 cm above (restricting the amplitude of the foot movement, to reduce the amount of head movement provoked). [Figure 4A2](#f4){ref-type="fig"} depicts an example of the force output of the sensor under the left leg during the leg raise task unsupported. The highlighted area represents the APA.

Biomechanical analysis of the step initiation
---------------------------------------------

We quantified APAs during step initiation to associate the behavior in upright position with behavior in the supine task during the fMRI exam ([Fig. 4A1](#f4){ref-type="fig"}). Participants were to take a step with the right foot. Both feet were positioned on a force platform. (AMTI OR6-6), with an internal analog low-pass filter with a cutoff frequency of 100 Hz. Subjects were instructed to take a step in two conditions: standing either unsupported or supported - holding a walker. Performing a step unsupported requires APAs[@b1]. On the other hand, holding an external support like a walker suppresses the APA[@b14][@b15]. A reflective marker was placed on the right malleolus to record the movement of the foot through a Vicon^®^ system (200 Hz, filter Butterworth low-pass 10 Hz). The participants performed 30 trials of step initiation in each condition. In each trial the participant was to follow the commands displayed on an LCD monitor (42″) positioned 3 m ahead: a cross, then an open or closed circle, followed by an open or closed circle. For example, participants were instructed to relax during the display of the cross, to prepare when they saw the open circle, and to step with the right foot when the closed circle was displayed. Half the participants observed the open circle as a ready cue and the other half observed the closed circle as a ready cue. Participants were instructed to stand with feet comfortably apart on the force plate, then the foot position was marked with tape. Instructions were to follow the commands on the monitor and to try to step as usual. After each trial the participant was to return to the initial position marked on the force plate. The order of conditions was counterbalanced across subjects.

fMRI paradigm
-------------

Subjects performed one sequence of 30 trials in each condition (supported and unsupported) in an event-related paradigm. They observed three stimuli as presented in the biomechanical analysis outside the scanner: a cross -- to relax, an open or closed circle -- to prepare, and an open or closed circle -- to raise the right leg ([Fig. 4A2](#f4){ref-type="fig"}). The cross and the circles had two degrees in subtended visual angles. The order of the circles (open or closed) in the scanner followed what was performed during the biomechanical analysis of each patient. The duration of each stimulus was randomized and distributed according to the Poisson probability function to improve the detection of the hemodynamic response function (HRF) according to the Poisson distribution[@b51][@b52]: first circle (1 to 3 s, varying in steps of 0.5), second circle (up to 5 s -- the stimulus disappears when the force under the movement leg drops), cross (interstimulus interval varying between 5.5 and 8.5 s).

Image acquisition
-----------------

Images acquisitions were made in a 3.0 T MR system (Achieva 3.0 T, Philips -- The Netherlands) using a 32-channel head coil, (gradients of 80 mT/m). Visual stimuli were presented on a screen (2.5 m away) to a mirror above subjects' eyes. Image acquisition was synchronized to data from FMS sensors using a light-coupled trigger system. BOLD images were acquired using T2\*- weighted gradient echo EPI, SENSE acquisitions with the following parameters: TR = 2.000 ms, TE = 30 ms, 40 slices, 3.3 mm of slice thickness, 0.3 mm interslice gap, 3.3 mm isotropic voxels, 214 volumes (Total time: 6 m 58 s). Anatomical T1-weighted 3D images were used for reference and image registration (T1-FFE; TR = 7 ms, TE = 3.2 ms, 180 slices, FA = 8, 1 mm isotropic voxels).

Image processing and behavior analysis
--------------------------------------

fMRI data was processed using FSL ([www.fmrib.ox.ac.uk/fsl/](http://www.fmrib.ox.ac.uk/fsl/))[@b53]. The volumes were processed by movement correction and calculation of mean displacement (MCFLIRT), spatial smoothing (FWHM = 5 mm) and spatial normalization to standard space (affine, 12 DoF)[@b54][@b55]. The activation maps were produced with the general linear model (GLM) using FILM routines based on semi-parametric estimation of residuals autocorrelation[@b56]. Group activation maps and group comparisons were obtained using a mixed-effects model, in order to include within-subject variances of parameter estimates. Significance was set at 1% for single-voxel level and at 5% (corrected) at mass-cluster level for group analyses.

Behavioral analysis
-------------------

The onset of the APA was defined as the time between the abrupt increase of the medio-lateral displacement - F~ml~ (2 standard deviations -- SD above the mean of the baseline force) and the onset of the step, identified by the marker on the right malleolus (2 SD above the mean of the baseline foot displacement in the antero-posterior direction). The amplitude of the force during the step task was normalized by the size of the foot of the subjects (unit in N/cm). In the fMRI task, the magnitude of the force applied by the left foot on the sensor was calculated as the integer between the onset of the APA (2 SD above the mean of the baseline force) and the onset of the leg lifting (2 SD below the baseline force), normalized by the integer of the whole force curve, multiplied by 100. Nonparametric analyses were chosen due to the small sample size of both groups. Mean comparisons were performed using Wilcoxon for paired and Mann-Whitney U test for unpaired analysis and Spearman (r~s~) test for the correlations. The level of significance for behavioral parameters was set at 5%.
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![Frequency map (N = 10) of BOLD signal for the young subjects of the unsupported condition -- the color bar indicates the number of overlapping BOLD signal (**A**). Frequency maps of the unsupported \>supported contrast (**B**). Scatterplot of APA correlation performance on tasks performed inside and outside the scanner -- difference of force applied by the support leg between the supported and unsupported conditions (**C**). (l = left; r = right).](srep43088-f1){#f1}

![Frequency map (N = 8) of BOLD signal for the PD subjects of the unsupported condition -- the color bar indicates the number of overlapping BOLD signal (**A**). Frequency maps of the unsupported \>supported contrast (**B**). Scatterplot of APA correlation performance on tasks performed inside and outside the scanner -- difference of force applied by the support leg between the conditions with and unsupported (**C**). (l = left; r = right).](srep43088-f2){#f2}

![Scatterplot of the correlation between UPDRS and the APA (Fml) of the step task (**A**), and UPDRS and force magnitude of the leg lifting task (**B**) of the patients with PD. APA values are the difference between the unsupported and supported conditions.](srep43088-f3){#f3}

![Compatible fMRI environment force measurement system (FMS).\
Example of the APA (highlighted area of each curve) measured during the step initiation (from a force platform) (**A1**) and during the leg raise task in the scanner (**A2**) using the FMS. Position of the FMS in the scanner (**B**). The FMS is composed by strain gage transducers (Flexiforce) embedded into a wooden base of support. There are one sensor under each foot and one sensor on the ankle of the right foot to record the moment that it touches the bar. Nylon bars separate and accommodate the feet, and a brass adjustable bar restricts the movement of the leg (**C**). The bands and Velcro straps to place the feet are omitted to make the figure clearer.](srep43088-f4){#f4}

###### Patients demographics and clinical profile.

  Subject         Age (y)      Gender   Weight (Kg)    Height (m)    Disease duration (years)   UPDRS (motor score)      DLeD (mg)      Side most affected
  ------------ -------------- -------- -------------- ------------- -------------------------- --------------------- ----------------- --------------------
  1                  67          M           61           1.68                  5                       32                  300                 L
  2                  76          F           80           1.68                  5                       28                  300                 L
  3                  73          M           74           1.78                  10                      41                  400                 L
  4                  65          M           64           1.65                 2.5                      23                  100                 R
  5                  66          M           73           1.75                  4                       45                  850                 R
  6                  63          M           70           1.66                  6                       35                  450                 L
  7                  63          F           75           1.66                  3                       28                  450                 L
  8                  67          F           66           1.57                  6                       26                 1100                 L
  Mean (±SD)    67.50 (4.66)   3F/5M    70.38 (6.35)   1.68 (6.40)         5.57 (2.22)             32.25 (7.63)       493.75 (324.52)         6L/2R

F: female, M: male. UPDRS: Unified Parkinson's Disease Rating Scale. DLeD: Daily levodopa equivalent dose. L: left, R: right. M: mean, SD: standard deviation.
